This study aimed to investigate the roles of miRNA in the development of ovarian follicles in sows with high ovulation rate. The miRNA expression profiles in middle-size ovarian follicles between Meishan and Duroc sows were characterized by Affymetrix miRNA GeneChip. Seven differentially expressed miRNA were identified. KEGG pathways analyzed the predicted target genes of differentially expressed miRNA by using the DAVID website. The MAPK signaling pathway may affect the process of ovarian follicle development. Our study suggested that miR-21, miR-199a, miR-708, and miR-4334 might play a vital role in the development of ovarian follicles of sow.
Introduction
Ovulation rate is the first factor that limits litter size, and litter size improvement can be efficiently done by selecting sows with high ovulation rate (Petry and Johnson, 2004; Rohrer et al., 1999) .
There are differences in the dynamics of follicular growth between prolific and ordinary line during the mid-to-late follicular phase (Driancourt and Terqui, 1996; Miller et al., 1998) , and these differences greatly contribute to the high ovulation rate. Gilts of Nebraska Index line selected for high ovulation rate, in turn, potentially changed the dynamics of follicle maturation during the follicular phase of the estrous cycle (Yen, 1999) ; in addition, a larger pool of medium-sized [medium-sized 1: 3.0-4.9 mm; medium-sized 2: 5.0-6.9 mm] follicles were maintained at this stage, and the selection of ovulatory follicles was conducted one day later than the control gilts (Yen et al., 2005) . Likewise, the number of follicles in Meishan sows during the follicular phase was higher, while that in the Large-White hybrid sows were decreased between days 16 and 19 (Miller et al., 1998) . Besides, the patterns of ovulatory follicular development were different between Large White sows and hyperprolific sows (Driancourt and Terqui, 1996) .
The dynamic process that is involved in the follicular phase of estrus cycle would influence the development of follicles and ovulation rate and is controlled by a highly synchronized and exquisitely timed cascade of gene expression (Richards et al., 1995) . To better understand the genes that control the ovulation rate and follicular development, differentially expressed genes were identified in the ovarian follicles from a line of pigs selected for indexing ovulation rate, embryo survival, and randomly selected control line (Caetano et al., 2004) . Differentially expressed genes in ovarian follicles during the preovulatory stage were identified between Chinese Taihu and Large White sows (Sun et al., 2011) .
However, few studies have revealed the presence of differentially expressed microRNA (miRNA) in medium-sized ovarian follicles.
microRNA are small non-protein-coding transcripts that regulate gene expression post-transcriptionally. Several studies have indicated that miRNA are associated with some ovarian processes by targeting specific genes (Lin et al., 2012; Xu et al., 2011) . However, the functions of miRNA in medium-sized ovarian follicles between sows of different breeds remain unknown.
Compared with Duroc pigs, Meishan pigs have larger litter size, which partly result from higher ovulation rate (Bazer et al., 1988; Melville et al., 2002) . To develop a deeper insight regarding the gene expression differences in the follicles between prolific sows and western pig breed, the Chinese Meishan and Duroc sows were used to identify the miRNA expression pattern in the M2 ovarian follicles of the follicular phase.
Material and Methods
All procedures for sample collection were performed according to the protocols approved by the local biological study animal care and use committee in Xinjiang province, China.
Six multiparous Meishan (the third parity) cyclic sows and six multiparous Duroc cyclic sows (the third parity) were selected. The animals were observed twice a day to determine the accurate natural estrous cycle (day 0 is the first day of estrus), and then were injected with PGF2α analog (cloprostenol, Ningbo Second Hormone Factory) according to the weight of the pigs (the average weights of Meishan and Duroc sows were 100-120 and 250-280 kg, respectively) on day 14 of the estrous cycle to induce luteal regression and synchronize the follicular phase. Ovaries were harvested four days later, and all follicles with diameter ≥1 mm were dissected, snap-frozen in liquid nitrogen (LN2), and stored at -80 °C until use. Follicles were classified based on the diameter: small (S: 2-2.9 mm), medium (M1: 3-4.9 mm; M2: 5-6.9 mm), and large (L: ≥7 mm) follicle (Caetano et al., 2004) .
Total RNA was extracted from the ovarian follicles of Meishan and Duroc sows by using QIAGEN RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The quality and integrity of RNA were determined by 1.2% agarose gels and detected by the Nanodrop 2000 spectrophotometer (Thermo Scientific, MA, USA).
The Affymetrix GeneChip miRNA 3.0 array analyses (Affymetrix, Santa Clara, CA) were performed by using a commercial Affymetrix array service (Bioassay Laboratory of CapitalBio Corporation, Beijing, China). The Affymetrix GeneChip miRNA3.0 Array contains 19,931 probe sets from 153 organisms including humans, mice, rats, and pigs. The content is derived for sanger miRBase v17 (www.mirbase. org). The RNA labeling, miRNA array hybridization, scanning, and quantification were performed by using Affeymetrix GeneChip system instruments and protocols.
The CEL-files of the raw data were obtained by Affymetrix GeneChip Command Console Software (Affymetrix), and the data was pre-processed by Affymetrix Expression Console software 1.2 (Affymetrix). This included the Robust Multi-array Average (RMA) normalization, subtraction of background intensities, and probe signal integration for the probe Group (the probe set) signal. Significance Analysis of Microarray (SAM) with R package was used to identify differentially expressed miRNA and gene probe sets between M2 ovarian follicles of Meishan and Duroc (Tusher et al., 2001) . Probe sets were considered as biologically significant if the fold changes (FC) were ≥2 or ≤ 0.5 and the q-value was ≤5%.
The target genes of the differentially expressed miRNA were the intersection of the predicted genes by using mirwlk2 (validated miRNA-target interactions database) website. The Gene Ontology biological process and KEGG pathway analyses for the predicted targets were performed by using the DAVID (Database for Annotation, Visualization and Integrated Discovery) web-based tool, and all genes in human genome were used as whole genome background for enrichment analysis (Liu et al., 2015) .
qRT-PCR was used to validate the results of microarray data. Many predicted target genes of the three selected miRNA (ssc-miR-199a, ssc-miR-21 and ssc-miR-708) were involved in the MAPK signaling pathway. Then, ssc-miR-4334 was downregulated in Meishan ovarian follicles. Primers (Table 1) were designed based on miRNA mature sequences. Total RNA of Meishan and Duroc ovarian follicles were extracted by using TRIzol reagent (Invitrogen, CA, USA), and the quality of total RNA was determined by 1.2% agarose gels and detected by Nanodrop 2000 spectrophotometer (Thermo Scientific, MA, USA). Total RNA were reverse-transcribed into cDNA by using miScriptII RT Kit (QIAGEN, Duesseldorf, Germany) according to the manufacturer's instructions. qRT-PCR was performed by using SYBR Premix Ex TagII (Takara, Dalian, China) in the LightCycler 480 Real-Time PCR machine (Roche, Basel, Switzerland). qRT-PCR conditions were as follows: single cycle of 5 min at 95 °C, followed by 40 cycles of 30 s at 95 °C, 20 s at 60 °C, and 15 s at 72 °C. All experiments were performed in triplicate. The 2 -△△ct method was used to determine the differences in expression between Meishan and Duroc sows, and Small nuclear RNA U6 was used as an internal control. The differences in miRNA expression levels between the groups were compared by using two-tailed t test. P values of <0.05 were considered statistically significant.
Results
The Affymetrix miRNA microarray was used to detect miRNA expression profiles in M2 ovarian follicle between Meishan and Duroc sows. The 257 probe sets representing the porcine mature miRNA were selected for subsequent analyses. We analyzed the differentially expressed miRNA and identified seven miRNA that showed significant changes in expression (fold change >2, adjusted P-value <0.05) between Meishan and Duroc ovarian follicles library. Six miRNA in Meishan M2 follicle showed significant upregulation (ssc-miR-187, ssc-miR-199a, ssc-miR-19b, ssc-miR-21, ssc-miR-486 , and ssc-miR-708), while one was downregulated (ssc-miR-4334) ( Table 2) .
Four miRNA (ssc-miR-199a, ssc-miR-21, ssc-miR-708, and ssc-miR-4334) were validated by qPCR ( Figure 1) . The expression patterns were consistent with that of the microarray data. The results showed that ssc-miR-187, ssc-miR-199a, ssc-miR-19b, ssc-miR-21, ssc-miR-486, and ssc-miR-708 The universal reverse primers were provided by miScript II RT Kit (QIAGEN, Duesseldorf, Germany). were upregulated in Meishan M2 ovarian follicles, while ssc-miR-4334 showed higher expression in the Duroc ovarian follicles.
To understand the function of these differentially expressed miRNA during ovarian follicle development, 1127 target genes of the miRNA were predicted by using mirwlk2 website. Gene ontology analysis based on the predicted targets showed that the differentially expressed miRNA might be involved in response to estrogen stimulus, regulation of cell proliferation, regulation of apoptosis, response to steroid hormone stimulus, and so on ( Figure 2) .
The KEGG pathway analysis based on the predicted targets revealed differentially expressed miRNA in several signaling pathways, such as mitogen-activated protein kinase (MAPK) signaling pathway, cell cycle, p53 signaling pathway, focal adhesion, progesterone-mediated oocyte maturation, and so on (Figure 3 ).
Discussion
This study identified 257 conserved miRNA by microarray analysis in Meishan and Duroc porcine ovarian follicles. Six miRNA were upregulated in Meishan ovarian follicles, while only one, miR-4334, was upregulated in Duroc ovarian follicle.
The Gene Ontology biological process analysis based on the predicted targets showed that these genes were involved in various processes, including response to endogenous stimulus, response to hormone stimulus, regulation of growth, regulation of apoptosis, and regulation of cell proliferation. The development of ovarian follicles might affect the function of steroid hormone secretion from the ovary, such as estrogen, progesterone. It also has direct influence on the normal development of ovaries. In pigs, the process of development of ovarian follicles involves several cell biological processes, such as cell growth, cell motion, and cell apoptosis (Huang et al., 2016) . Therefore, our results revealed that miRNA may play an important role in regulating the development of ovarian follicle.
Error bars were presented as SEM (standard error of mean). The significance of differences for miRNA expression was calculated using the two-tailed t test. * P<0.05. ** P<0.01. In our study, MAPK signaling pathway remains the most important pathway and was targeted by three differentially expressed miRNA, including miRNA-21, miRNA-199a, and miRNA-708. The MAPK family proteins, such as p38, ERK, and JNK, play critical roles in porcine granulose cells and oocytes (Shiota et al., 2003; Sriraman et al., 2008; Moreira et al., 2013) . Several evidences have suggested that
The genes are represented as circles; biological processes are represented as squares; and lines represent the potential relationships between miRNA and genes or the connections between different genes belonging to different biological processes. The interactions between miRNA and their target genes were predicted by using the bioinformatics software Cytoscape. Green color indicates the upregulated miRNA in Meishan ovarian follicles. MAPK signaling pathway has an important effect on the regulation of survival or apoptosis of porcine ovarian cells (Shiota et al., 2003; Craig et al., 2004; Li et al., 2008; Moreira et al., 2013) . Therefore, further experiments should be performed to elucidate the detailed mechanism that involves MAPK signaling pathway in the regulation of porcine ovarian follicles.
Furthermore, we found that some miRNA targeted well-studied genes that are critical for ovarian follicle development in pigs, such as miR-21/TGFB1, miR-21/TGFBR2, miR-21/TGFBR3, miR-21/BMPR2, miR-19b/ESR1, and miR-199/MAPK1. Transforming growth factor-beta 1 (TGFB1), a member of the TGF family, has demonstrated its presence in granulosa cells of 1-2 mm bovine ovarian follicles, but not in the granulosa cells of 3-5 or 5-10 mm follicles (Nilsson et al., 2003) . TGFB1 was first observed in the thecal cells of type 3 (small pre-antral) follicles and also in the thecal of larger follicles, and TGFBR2 was restricted to the thecal cells of type 3 (small pre-antral) and larger follicles (Juengel et al., 2004) in sheep. TGFBR3 showed a high but decreasing mRNA expression level in the populations of human pre-antral follicles (Kristensen et al., 2014) . miR-21 also demonstrated to promote the growth of oocytes during ovulation (Yin et al., 2012) . These results suggest that the miRNA and their targets of TGF-b family may play an important role in the regulation of ovarian follicle growth and physiology.
ESR1 is the receptor of estrogen. In the bovine ovarian follicles, the mRNA expression of ESR1 was observed in the thecal, stromal, and granulose cells (Schams and Berisha, 2002; Van Den Broeck et al., 2002) . Microarray results showed that the expression level of miR-19b was upregulated between Meishan and Duroc pigs. Furthermore, ESR1 was predicted to be a target of miR-19b, implying that it could be a potential regulator of ovarian follicle development in pigs.
Mitogen-Activating Protein Kinase 1 (MAPK1) is localized in the ooplasm of previtellogenic oocytes and plays a functional role in the development and maturation of oocytes/ovaries in P. monodon (Ponza et al., 2011) . In mice, the activity of MAPK1 remains essential for the functioning of appropriate granulosa cells during oocyte maturation (Gratao et al., 2008) . MAPK1 was predicted to be a target of miR-199. Thus, miR-199 may influence the development and growth of porcine ovarian follicle by targeting MAPK1. Taken together, these findings revealed that the miRNAs regulating the genes have well-known functions in ovarian follicles in pigs.
Conclusions
The present study revealed the differentially expressed miRNA between M2 ovarian follicles of Meishan and Duroc sows and their predicted targets. The results provided a better understanding regarding the role of miRNA in the development of porcine ovarian follicles.
